Abstract Using tropical cyclone (TC) observations over a 58-yr period (1949−2006) from the China Meteorological Administration, the 40-year ECMWF Reanalysis (ERA-40), NCEP-NCAR reanalysis, and the Hadley Centre sea ice and sea surface temperature (HadISST) datasets, the authors have examined the behaviors of tropical cyclones (TCs) in the western north Pacific (WNP) in boreal winter (November-December-January-February). The results demonstrate that the occurrences of wintertime TCs, including super typhoons, have decreased over the 58 years. More TCs are found to move westward than northeastward, and the annual total number of parabolic-track-type TCs is found to be decreasing. It is shown that negative sea surface temperature anomalies (SSTAs) related to La Niña events in the equatorial central Pacific facilitate more TC genesis in the WNP region. Large-scale anomalous cyclonic circulations in the tropical WNP in the lower troposphere are observed to be favorable for cyclogenesis in this area. On the contrary, the positive SSTAs and anomalous anticyclonic circulations that related to El Niño events responsible for fewer TC genesis. Under the background of global warming, the western Pacific subtropical high tends to intensify and to expand more westward in the WNP, and the SSTAs display an increasing trend in the equatorial eastern-central Pacific. These climate trends of both atmospheric circulation and SSTAs affect wintertime TCs, inducing fewer TC occurrences and causing more TCs to move westward.
Introduction
The fourth assessment report of the Intergovernmental Panel on Climate Change (IPCC, 2007) concluded that global warming has been unequivocal during the last century, and the warming of the past 50 years is about twice that of the last 100 years. This warming trend is believed to have profound impacts on both climate and its extremes in global domains. Although the relationship Corresponding author: HE hijchinese@163.com between climate change and the activity of tropical cyclones (TCs) is poorly understood, some observational studies have shown an increasing trend in the intensity of tropical cyclones over warmer oceans since about 1970 (Emanuel, 2005; Webster et al., 2005 Webster et al., , 2006 . These stimulating results are helpful in obtaining a better understanding of the climate tendencies of TC activity.
However, there are some inconsistencies in reports from different study groups. Some studies have shown an increasing trend in TC frequency or intensity with an increasing SST condition (Emanuel, 2005; Webster, et al., 2005 Webster, et al., , 2006 Wang and Qian, 2005) . Meanwhile, other studies have shown a decreasing trend of TC intensity and occurrence in the past decades (Tian, 2003; Landsea, 2005; Wang and Ren, 2007; Li et al., 2007) , although Chan (2008) and Goldenberg et al. (2001) have suggested that this is a decadal variation rather than a warminginduced climatic change tendency. These inconsistencies may be due to differences in the datasets used as well as the different regions studied. Unfortunately, these inconsistencies in long-term TC activity trends have not yet been numerically clarified via climate models due to inadequate model resolution and an insufficient understanding of physical processes. These disagreements deserve further investigation.
As is well known, most of the TCs in the western North Pacific (WNP) region occur in the summertime, from June through to October, and these have received the most attention. However, TCs still occur in the wintertime, from November to the following February, and some of them even make landings (He et al., 2008) , resulting in large societal impacts. Because global warming is more remarkable in the boreal winter than in the summer, it would be interesting to examine the statistics of wintertime tropical cyclone occurrences in the WNP under the background of global warming over the past six decades. In the present article, we will discuss this problem, demonstrate the climate tendencies of TC occurrences and investigate these tendencies in the WNP in the boreal winter.
Data and methods
Here, we used the "CMA-STI best track dataset for tropical cyclones in the western north Pacific" from www.typhoon.gov.cn as released by Shanghai Typhoon Institute of China Meteorological Administration (CMA-STI), the monthly reanalysis from the European Center for Medium-Range Weather Forecasts (ERA-40), with a 2.5°×2.5° resolution (Uppala et al., 2005) , the monthly and daily mean atmospheric reanalysis with a 2.5°×2.5° resolution from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) (Kalnay et al., 1996) and the sea surface temperature (SST) reanalysis at a 1°×1° resolution from the British Atmospheric Data Centre (HadISST) (Rayner et al., 2003) .
All of the data used are for the winter period from November to the subsequent February. We mark November as the beginning of the winter period in the present study because the large-scale basic atmospheric circulation has turned into a northeasterly flow by that time, which prevails in the wintertime in the mid-low latitudes in the Northern Hemisphere. The statistics standards of TC intensity are in accordance with the Chinese national standard for tropical cyclone intensity classification (GB/ T19201-2006), which specifies that the surface maximum mean wind speed as 10. The tracks of TCs are classified into three types, i.e., westward-bound, northeastward-bound and other, and the first two categories take into account TCs with a life cycle longer than 72 hours and formed east of 120°E. A westward-bound track is defined as a TC route moving westward to 150°E in which the track distance is longer in latitude than in longitude, including those of TCs moving into areas west of 120°E and making landfall or recurring in the WNP again. A northeastward-bound track or a parabolic-type track is defined as one in which the track distance is longer in longitude than in latitude and includes TCs that move first from east to west and then turn to the northeast. The third type of track includes all routes that do not fall into the first two categories.
A composite analysis and a climatic trend assessment are employed. The classification of years with greater or fewer TC occurrences is designated according to the standard deviation (σ) of TC frequency, in which ≥+1.0σ (σ = 2.05) is set for the greater-TC years and ≤-1.0σ for the fewer-TC years. The ERA-40 and HadISST reanalysis data used in the composites have the long-term trend removed, and the climatic mean period is 1957-2001. Using the unary linear regression coefficients as the measurement of the climatic tendency assessment, all data have been standardized.
Results

Wintertime TC occurrences and trends
Of a total of 1972 TCs in the 58 years from 1949 to 2006, only 310 TCs (or 15.7%) formed in the winter, i.e., there are only 5.35 wintertime TCs per year. The number of TCs decreases significantly with time from November to the following February (see Table 1 ), and there are scarcely any TCs formed in January or February. Most TCs form in November, which account for 51.3% of the total winter TCs. Table 2 presents the distribution of TC intensity. It shows that 45.9% of the wintertime TCs reach or exceed the level of a TY, with most at the level of a super TY, followed by a STS. Thus, it is observed that wintertime TCs, although few in number, can easily acquire high levels of intensity.
The trend of wintertime TC occurrences is statistically determined by linear regression. It is shown that TCs are decreasing significantly in a linear climatic trend with a regression coefficient of -0.039 (Fig. 1a) , which is significant at the 98% confidence level. Of the climate-induced changes at all levels of TCs, the super TY is the only category that decreases significantly in a linear climatological trend, with a regression coefficient of -0.027, which is significant at the 99% confidence level (Fig. 1b) . Previous statistics for summertime TCs or TCs affecting China in the WNP, determined by using different time periods data, have also shown a decreasing trend in the frequency of TCs and severe typhoons, which suggests a weaker activity of typhoons in the WNP under the background of global warming (Tian, 2003; Wang and Ren, 2007; Li et al., 2007) . Here, we have come to the same conclusion that wintertime TC frequency tends to decrease climatologically and that most TCs have been super TYs over the last 60 years. Of the three track types of TCs, there are 147 cases for the westward-bound type, 94 cases for the northeastward-bound type and 69 other cases (Fig. 2) . The westward-bound type includes the tracks of the major wintertime TCs formed during the last 60 years, while most of the TCs of the third type are TCs formed in the South China Sea (SCS) or those with a short lifecycle. An analysis of the climatological variations in the TC tracks shows that the frequency of TCs of the northeastward-bound type exhibits a decreasing trend with a linear regression coefficient of -0.028, which is significant at the 99% confidence level (Fig. 1d) , while there is no climatological trend for westward-bound TCs (Fig. 1e) .
The above statistical results show a decreasing climatological trend of TCs and super TYs that were formed in the WNP in the boreal winter, with fewer TCs turning northeastward as they move westward. These results agree to some extent with previous studies that have shown that the number of cyclones and that of cyclone days have decreased in all basins except the North Atlantic Ocean (Webster et al., 2005) ; they also support the numerical simulation results of general climate models (GCMs) that there are fewer TCs globally in a warmer climate (McDonald et al., 2005; Oouchi et al., 2006; Bengtsson et al., 2007) .
SSTA and circulation anomalies
A composite analysis for both the atmospheric circulation and SSTA is performed to investigate the abnormal activity of wintertime TCs. In accordance with the classified standards of greater (fewer)-TC years described above, the greater-TC years are 1952, 1954, 1956, 1964, 1966, 1971, 1975, 1983, and 1986 while the fewer-TC years are 1963, 1965, 1980, 1982, 1992, 1994, 1997, 2000, and 2005 (Fig. 1c) . It can be easily seen that the greater-TC years are more frequent before the mid-1980s, while the fewer-TC years are more concentrated within the period of 1980-2000. Due to the time period of the reanalysis data, only the data from six years (1964, 1966, 1971, 1975, 1983, and 1986 ) and eight years (1963, 1965, 1980, 1982, 1992, 1994, 1997, and 2000) are used in the composition of greater-TC and fewer-TC years, respectively.
Warm and cold SST events in the equatorial central Pacific are significantly correlated with abnormal TC activity (Figs. 3a and 3b ). There are seven El Niño (eight La Niña) cases during the period from October to December out of nine fewer-TC (greater-TC) years, according to the Niño3 and Niño4 indices from the National Oceanic and Atmospheric Administration (Fig. 1c) . The composite (Wang et al., 2000) , the SSTA-wind relations as shown in Fig. 3a (Fig. 3b) are unfavorable (favorable) for TC occurrences. Moreover, the composites of 500-hPa geopotential height anomalies (GHAs) display positive (negative) anomalies over most of the WNP in fewer (greater)-TC years, which suggests that a strong (weak) subtropical high with a weak (strong) East Asia trough over the WNP is unfavorable (favorable) for cyclogenesis, as illustrated in studies such as Chang et al. (1982) , Li (1987) , and Sun and Li (1997) . The above results indicate that the ENSO has a significant influence on the interannual variability of TC occurrences.
TC occurrences and general circulations with the background of global warming
To further explore the relationship between TC climatic variations and the climatological tendency of atmospheric circulation within the context of global warming, the climatic trend of anomalies of 500-hPa GH, 850-hPa wind and SST are analyzed by using the ERA-40 and HadISST datasets for the wintertime period of 1957-2001 (Fig. 3c) . The same calculations for the period of 1949-2006 are done by using the NCEP-NCAR dataset (not shown). The results from both reanalysis datasets show a similar climatological trend in the atmospheric circulation in the WNP; the similarity coefficient of 500-hPa GHAs over the area (0-45°N, 120-160°E) between ERA-40 and NCEP-NCAR is 0.94 and that of 850-hPa zonal and meridional wind is 0.61 and 0.41, respectively. Here, we only discuss the results derived from ERA-40. Figure 3c shows an increasing climatic trend of SSTAs over the equatorial central Pacific, which is significant above the 95% level of confidence, suggesting a possible increasing trend of El Niño event occurrences. Trenberth and Hoar (1997) reported that El Niño events increased after the 1970s in the background of climatic warming. Fedorov and Philander (2000) suggested that variations in El Niño events may be influenced by the climatic background state, including global warming. Thus, global warming may affect TC activity through changes in the ENSO. It is also noted that an evident SSTA increasing trend is occurring in regions of the coastal basins west of 150°E in the WNP, the Philippines Sea, the South China Sea, and the Indian Ocean. Note that the increasing SSTA trends are also found in the cyclogenesis region in which TCs usually generate in the wintertime (Chen and Ding, 1979) . However, the SSTAs are relatively smaller in that area (5-15°N, 130-140°E) as compared to those outside this region. Together with an anticyclonic circulation trend (the blue mark in Fig. 3c ) at 850-hPa and an increasing trend of 500-hPa GHAs (above the 95% level of confidence), the SSTA trends are not favorable for upward air motion in the tropical WNP region. Interestingly, it is seen that the distributions of all variables in Fig. 3c resemble those in Fig. 3a , which represents the composite anomalies of the fewer-TC years. This scenario with such climatic trends of both SSTAs and atmospheric circulations is responsible for fewer TC occurrences. It is also noted that the area of increasing SSTAs is located west of 150°E and that of the decreasing trend is located east of 150°E over the tropical WNP; the location of cyclogenesis should be more western, which is not favorable for super TYs. This is because super TYs require more time to form before landing (Wang and Chang, 2002; Camargo et al., 2007) . Thus, the climatological trends of SSTAs and atmospheric circulations contribute to the variations in TC activity. On the other hand, the evidently increasing trend of 500-hPa GHAs in Fig. 3c suggests a stronger and more westward subtropical high in the WNP, which is favorable for TCs moving westward. The composite atmospheric circulation patterns of westward-and northeastward-bound TCs are shown in Figs. 3d and 3e . The distribution of the climatological trend in East Asia (Fig.  3c ) is similar to that of the westward-bound pattern (Fig.  3d) . Both have positive anomalies in 500-hPa GHAs over East Asia. These all agree with the statistical results of fewer northeastward TCs.
Summary
The occurrences of wintertime TCs in the WNP within the context of global warming have been statistically examined using both CMA TC data and other reanalysis datasets. It has been found that a climatological decreasing trend exists in the frequencies of both TCs and super TYs that occur in the wintertime in the WNP, and a similar trend is observed for recurring northeastward TCs for the 58 years. The fewer (greater)-TC years are well correlated with El Niño (La Niña) events. The atmospheric circulation and SST anomalies related to the positive (negative) phase of the ENSO are unfavorable (favorable) for TC formation. The climatological variations in SSTAs show an increasing trend in the central and eastern equatorial Pacific and in the area west of 150°E in the WNP, which corresponds to global warming. These SSTA trends, along with the anomalous atmospheric circulations in the middle and lower troposphere in association with global warming, resemble distributions of the interannual variability of both SSTAs and atmospheric circulations. This scenario may facilitate more El Niño events than La Niña events. The subtropical high ridge in the WNP is hence intensified and extends further west, whereas the East Asian trough in the middle and lower troposphere in the boreal winter is weakened. These circulation changes are responsible for fewer occurrences of TCs, including super TYs, and for the tendency of more TCs that move westward rather than northeastward.
We note that the present work simply provides some observational evidence to provide a better understanding of the relationships between TCs and climate change with regard to wintertime TC occurrences. Obviously, more efforts in the future are required in order to compare and understand the differences between TC activity in the boreal winter and that in the boreal summer with the background of global warming, using both observational data and numerical models.
